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Potential thermoelectric material Cs2[PdCl4]I2: a first-principles study
San-Dong Guo
Department of Physics, School of Sciences, China University of Mining and Technology, Xuzhou 221116, Jiangsu, China
The electronic structures and thermoelectric properties of Cs2[PdCl4]I2 are investigated by the
first-principles calculations and semiclassical Boltzmann transport theory. Both electron and phonon
transport are considered to attain the figure of merit ZT . A modified Becke and Johnson (mBJ)
exchange potential, including spin-orbit coupling (SOC), is employed to investigate electronic part
of Cs2[PdCl4]I2. It is found that SOC has obvious effect on valence bands, producing huge spin-
orbital splitting, which leads to remarkable detrimental effect on p-type power factor. However,
SOC has a negligible influence on conduction bands, so the n-type power factor hardly change.
The temperature dependence of lattice thermal conductivity by assuming an inverse temperature
dependence is attained from reported ultralow lattice thermal conductivity of 0.31 Wm−1K−1 at
room temperature. Calculating scattering time τ is challenging, but a hypothetical τ can be adopted
to estimate thermoelectric conversion efficiency. The maximal figure of merit ZT is up to about
0.70 and 0.60 with scattering time τ=10−14 s and τ=10−15 s, respectively. These results make us
believe that Cs2[PdCl4]I2 may be a potential thermoelectric material.
PACS numbers: 72.15.Jf, 71.20.-b, 71.70.Ej, 79.10.-n
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I. INTRODUCTION
Thermoelectric materials, which can realize the direct
heat to electricity conversion and make essential contri-
butions to the crisis of energy, have attracted a great
deal of attention1,2. A good thermoelectric material
can be governed by the dimensionless figure of merit
ZT = S2σT/(κe + κL), where S, σ, T, κe and κL are
the Seebeck coefficient, electrical conductivity, absolute
temperature, the electronic and lattice thermal conduc-
tivities, respectively. The high-performance thermoelec-
tric materials should possess high ZT , which requires
high power factor (S2σ) and low thermal conductivity
(κ = κe + κL). The high lattice thermal conductivity
is often a fatal disadvantage to gain high ZT value like
classic half-Heusler thermoelectric materials3–6. The lat-
tice thermal conductivity can be reduced by point defects
and nanostructuring7–12.
However, the ultralow thermal conductivity has been
achieved experimentally in SnSe single crystals, and an
unprecedented ZT of 2.6 at 923 K has been reported13.
Theoretically, Atsuto Seko et al. recently discovered
221 materials with very low lattice thermal conductiv-
ity, Cs2[PdCl4]I2 of which has an electronic band gap of
0.88 eV calculated within generalized gradient approxi-
mation (GGA), and ultralow lattice thermal conductiv-
ity of 0.31 Wm−1K−1 at 300K14. The related electronic
structure calculations of Cs2[PdCl4]I2 is very less. Re-
cently, Li et al. studied the electronic structures and
thermoelectric properties of Cs2[PdCl4]I2, and predicted
that Cs2[PdCl4]I2 is an indirect-band semiconductor with
coexistence of several ionic and covalent bonds15. How-
ever, the SOC is neglected, which has important effects
on electronic structures for compound containing heavy
element like I. The possible ZT has not also been re-
ported.
Here, we report on the thermoelectric properties of
FIG. 1. (Color online) The crystal structure of Cs2[PdCl4]I2.
The largest balls represent Cs atom, the following is Pd and
Cl atoms, and the smallest balls I atoms.
Cs2[PdCl4]I2 from a combination of first-principles cal-
culations and semiclassical Boltzmann transport theory.
The SOC has been found to be very important for power
factor calculations in many thermoelectric materials16–23,
so the SOC is considered in our calculations of electronic
part to attain reliable power factor. As is well known,
local density approximation (LDA) and GGA underesti-
mate semiconductor energy gaps, and an improved mBJ
exchange potential is used to investigate electronic struc-
tures of Cs2[PdCl4]I2. It is found that SOC has a note-
worthy reduced influence on p-type power factor, which
can be understood by considering SOC effects on valence
bands. The ultralow lattice thermal conductivity is a key
factor to attain high ZT , and the corresponding room
temperature lattice thermal conductivity of Cs2[PdCl4]I2
is only 0.31 Wm−1K−114, which can be used to attain
temperature dependence of lattice thermal conductivity
by assuming an inverse temperature dependence. Finally,
the dimensionless thermoelectric figure of merit ZT can
be estimated by assuming τ=10−14 s or τ=10−15 s, and
2TABLE I. Peak ZT for both n- and p-type with τ=10−14 s and τ=10−15 s, and the corresponding doping concentrations.
τ=10−14 s τ=10−15 s
n p n p
T (K) (×1019cm−3) ZT (×1019cm−3) ZT (×1019cm−3) ZT (×1019cm−3) ZT
600 1.11 0.66 7.34 0.65 5.56 0.40 31.61 0.37
900 1.54 0.71 6.07 0.72 4.26 0.55 25.64 0.52
1200 6.60 0.63 19.07 0.69 7.48 0.58 27.85 0.60
1500 16.83 0.55 55.00 0.66 19.44 0.53 57.75 0.62
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FIG. 2. The energy band structures of Cs2[PdCl4]I2 using
mBJ (Left) and mBJ+SOC (Right), and the dot diameter is
proportional to the I atom weight at each k-point.
the ZT can be up to about 0.70 or 0.60 at about 1000 K
by the optimized doping.
The rest of the paper is organized as follows. In the
next section, we shall describe computational details. In
the third section, we shall present the electronic struc-
tures and thermoelectric properties of Cs2[PdCl4]I2. Fi-
nally, we shall give our discussions and conclusion in the
fourth section.
II. COMPUTATIONAL DETAIL
The electronic structures of Cs2[PdCl4]I2 are per-
formed using a full-potential linearized augmented-plane-
waves method within the density functional theory
(DFT)24, as implemented in the WIEN2k package25. We
employ Tran and Blaha’s mBJ exchange potential plus
LDA correlation potential for the exchange-correlation
potential26, which has been known to produce more ac-
curate band gaps than LDA and GGA. The SOC was
included self-consistently27–30 due to containing heavy
elements, which leads to band splitting, and produces
important effects on power factor. We use 5000 k-points
in the first Brillouin zone for the self-consistent calcula-
tion, make harmonic expansion up to lmax = 10 in each
of the atomic spheres, and set Rmt ∗ kmax = 8. The self-
consistent calculations are considered to be converged
when the integration of the absolute charge-density dif-
ference between the input and output electron den-
sity is less than 0.0001|e| per formula unit, where e
is the electron charge. Transport calculations, includ-
ing Seebeck coefficient, electrical conductivity and elec-
tronic thermal conductivity, are performed through solv-
ing Boltzmann transport equations within the constant
scattering time approximation (CSTA) as implemented
in BoltzTrap31, and reliable results have been obtained
for several materials32–34. To obtain accurate transport
coefficients, we use 50000 k-points (36×36×36 k-point
mesh) in the first Brillouin zone for the energy band cal-
culation.
III. MAIN CALCULATED RESULTS AND
ANALYSIS
Cs2[PdCl4]I2 belongs to tetragonal phase crystal struc-
ture with space group I4/mmm, which is shown in Fig-
ure 1. The experimental lattice parameters (a=b=8.15
A˚, c=8.99 A˚)35 are used, and the atomic positions are
optimized within GGA. A improved mBJ exchange po-
tential is used to investigate the electronic structures
of Cs2[PdCl4]I2, which has been proved to be very
effective to accurately calculate gaps of all kinds of
semiconductors26,36,37. Due to containing heavy ele-
ment I, it is very crucial for electronic structure calcu-
lations to consider SOC. For comparison, the projected
energy band structures with both mBJ and mBJ+SOC
are shown in Figure 2. Calculated results show that
Cs2[PdCl4]I2 is a indirect gap semiconductor using both
mBJ and mBJ+SOC, and the corresponding gap value
is 1.13 eV and 0.99 eV. The mBJ gap value is larger
than the reported GGA value of 0.88 eV14. A no-
ticeable feature of conduction bands is that conduction
band minimum (CBM) at Z point and conduction band
subminimum at Y point is almost degenerate, namely
band convergence1,21, which is benefit for power fac-
tor. The projected band structures show that the first
three valence bands and first conduction band have ob-
vious I atom character. It is found that SOC has re-
markable influence on the valence bands, while has a
negligible effect on conduction bands. The SOC leads
to giant spin-orbital splitting of the first three valence
bands, which produces remarkable effect on power factor
of Cs2[PdCl4]I2.
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FIG. 3. (Color online) At room temperature (300 K), transport coefficients of Cs2[PdCl4]I2 as a function of doping level (N):
Seebeck coefficient S, electrical conductivity with respect to scattering time σ/τ and power factor with respect to scattering
time S2σ/τ using mBJ (Black solid lines) and mBJ+SOC (Red dash lines). The doping level (N) implies electrons (minus
value) or holes (positive value) per unit cell.
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FIG. 4. (Color online) The power factor S2σ, thermal conductivities (total thermal conductivity κ and lattice thermal conduc-
tivity κL) and ZT as a function of temperature with the doping concentration of 5× 10
19cm−3 for n-type and p-type, and the
scattering time τ is 1 × 10−14 s. The doping concentration equals 3.3518 × 1021cm−3 × doping level.
The semi-classic transport coefficients are performed
using CSTA Boltzmann theory. The doping effects are
simulated by shifting the Fermi level within the frame-
work of the rigid band approach, which has been proved
to be reasonable in the low doping level38–40. At room
temperature, the Seebeck coefficient S, electrical conduc-
tivity with respect to scattering time σ/τ and power fac-
tor with respect to scattering time S2σ/τ as a function
of doping level using mBJ and mBJ+SOC are shown in
Figure 3. The n-type doping (negative doping levels)
with the negative Seebeck coefficient can be imitated by
shifting Fermi level into the conduction bands. When
the Fermi level moves into valence bands, the p-type
doping (positive doping levels) with the positive Seebeck
coefficient can be achieved. When the SOC is consid-
ered, both S and σ/τ are smaller than ones without SOC
in p-type doping, while they are nearly the same for n-
type. Therefore, S2σ/τ using mBJ+SOC becomes very
small compared to one with mBJ in p-type doping, but it
changes almost nothing in n-type doping. At the absence
of SOC, p-type best power factor is much larger than n-
type one. However, including SOC, n-type best power
factor is larger than p-type one. Similar SOC influence
on best power factor can be observed in Mg2Sn
21.
The SOC effect on S can be explained by the following
formula41:
S =
pi2
3
(
k2BT
e
)[
1
n
dn(E)
dE
+
1
µ
dµ(E)
dE
]E=Ef (1)
where kB, e, n(E), µ(E), Ef are the Boltzmann constant,
carrier charge, carrier density at the energy E, mobil-
ity, and Fermi energy, respectively. In the valence bands
(p-type doping), it is found that dn(E)
dE
with mBJ+SOC
becomes small with respect to one with mBJ due to re-
markable spin-orbit splitting, leading to SOC-reduced S.
In conduction bands (n-type doping), dn(E)
dE
is almost the
same between mBJ and mBJ+SOC, which leads to nearly
the same S. Due to σ being proportional to n, the n with
SOC is smaller than one without SOC for p-type, leading
to reduced σ, and they are almost the same for n-type,
producing nearly the same σ.
To attain ZT needs scattering time τ , and calculating τ
is challenging from the first-principle calculations. Here,
we assume that τ equals 1× 10−14 s. Another key param-
eter is lattice thermal conductivity κL, and the room tem-
perature lattice thermal conductivity has been reported
for 0.31 Wm−1K−114. An inverse temperature depen-
dence of the lattice thermal conductivity can be found
in a large number of thermoelectric materials21,22,42,43.
Here, we simply assume that κL is proportional to 1/T
also for Cs2[PdCl4]I2. The power factor S
2σ, total ther-
mal conductivity κ, lattice thermal conductivity κL and
ZT as a function of temperature with the doping concen-
tration of 5× 1019cm−3 for n-type and p-type are plotted
in Figure 4. The S2σ in both n- and p-type doping firstly
increases, and then decreases, when the temperature in-
creases. The total thermal conductivity κ is dominated
by the lattice thermal conductivity κL in the low tem-
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FIG. 5. (Color online) The power factor with respect to scat-
tering time S2σ/τ and electronic thermal conductivity with
respect to scattering time κe/τ of Cs2[PdCl4]I2 as a function
of doping level (N) with temperature being 300, 600, 900,
1200 and 1500 (unit: K) using mBJ+SOC.
perature, but the electronic thermal conductivity κe be-
comes very larger than lattice thermal conductivity κL
in high temperature region. So, the related temperature
of minimum thermal conductivity is very low due to the
ultralow lattice thermal conductivity. Both p-type S2σ
and κ are smaller than n-type ones in considered temper-
ature range. The ZT has the same trend with S2σ with
the increasing temperature. At about 1000 K, the peak
ZT of 0.66 is attained in n-type doping. The maximal p-
type ZT is 0.72 at about 950 K. The p-type ZT is larger
than n-type one from about 400 K to 1100 K.
In order to further understand the thermoelectric prop-
erties of Cs2[PdCl4]I2, the power factor with respect to
scattering time S2σ/τ and electronic thermal conductiv-
ity with respect to scattering time κe/τ of Cs2[PdCl4]I2
as a function of doping level (N) with temperature being
300, 600, 900, 1200 and 1500 using mBJ+SOC are shown
in Figure 5. In the considered doping and temperature
range, the S2σ/τ firstly increases, and then decreases in
low doping level with increasing temperature, while it
monotonically increases in high doping level. However,
κe/τ always monotonically increases, when the tempera-
ture increases. The corresponding thermoelectric figure
of merit ZT with hypothetical τ=10−14 and τ=10−15 s
are plotted in Figure 6. As the temperature increases,
the ZT has similar trend with S2σ/τ . The peak ZT and
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FIG. 6. (Color online) The ZT of Cs2[PdCl4]I2 as a function
of doping level with temperature being 300, 600, 900, 1200
and 1500 (unit: K), and the scattering time τ is 1 × 10−14 s
(Top) and 1 × 10−15 s (Bottom).
corresponding doping concentration at different temper-
ature for both n- and p-type are listed in Table I. It is
found that n-type peak ZT has lower doping concentra-
tion than p-type one. The doping concentration of peak
ZT with τ=10−15 s is larger than one with τ=10−14 s.
Calculated results also show that n- and p-type have al-
most the same maximal ZT , and the maximal ZT with
τ=10−14 s and τ=10−15 s is up to about 0.70 and 0.60,
respectively.
IV. DISCUSSIONS AND CONCLUSION
The bands of Cs2[PdCl4]I2 near the Fermi level are
dominated by heavy element I, which produces a giant
SOC in the valence bands. The SOC can lift the band
degeneracy of valence bands by spin-orbit splitting, es-
pecially for the first three valence bands. These SOC
effects on valence bands lead to remarkable reduced in-
fluence on p-type Seebeck coefficient and electrical con-
ductivity, and further give rise to detrimental influence on
power factor. The similar SOC-induced reduced effects
on power factor have been observed in many thermoelec-
tric materials16,17,21,22. Therefore, including SOC is very
necessary for electronic part of thermoelectric properties
of Cs2[PdCl4]I2.
In summary, an appropriate exchange-correlation po-
5tential mBJ+LDA is chosen to investigate electronic
structures and electronic part of thermoelectric proper-
ties of Cs2[PdCl4]I2, and the SOC is also considered due
to containing heavy element I. The strength of SOC ef-
fects on valence bands is very huge, especially for the
first three valence bands, which leads to obvious reduced
effects on p-type power factor. The lattice thermal con-
ductivity κL of Cs2[PdCl4]I2 is assumed to be propor-
tional to 1/T , and the κL as a function of temperature
is attained from the reported room temperature κL. Al-
though the scattering time τ is unknown, a hypothetical
τ can be employed to estimate possible figure of merit
ZT , which is up to about 0.70 with τ=10−14, and about
0.60 with τ=10−15. Experimentally, it is possible to at-
tain higher ZT than theoretical values. The present work
provides a foundation for further experimental studies.
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